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Mycelial Compatibility Grouping and Aggressiveness of Sclerotinia sclerotiorum 
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A pernicious pathogen, Sclerotinia scle-
rotiorum (Lib.) de Bary has a wide geo-
graphic distribution and a diverse host 
range, including many agronomic crops 
(16). On soybean, S. sclerotiorum causes 
Sclerotinia stem rot (SSR), a disease rec-

ognized as an important yield-reducing 
disease in the United States (41) and a 
major disease on soybean in Illinois (15). 
Partial resistance associated with either 
escape mechanisms or physiological resis-
tance to S. sclerotiorum has been reported 
in soybean (17). Extensive field and green-
house evaluations to assess soybean resis-
tance to S. sclerotiorum resulted in low 
correlations (18,32,39), and different ex-
periments to assess cultivar response to S. 
sclerotiorum frequently were inconsistent 
(9,10). Problems associated with evaluat-
ing and breeding for resistance may be due 
in part to lack of consideration for patho-
gen population structure and variability in 
isolate aggressiveness.  

S. sclerotiorum can spread by sexually 
and vegetatively produced propagules (16). 
Sclerotia, the over-wintering vegetative 
form of the fungus, reside in the soil and 
germinate during the cropping season to 
produce apothecia which release millions 
of sexually produced, airborne ascospores. 
Up to 90% of the ascospores, the primary 
inoculum source that infects soybean flow-
ers, remain within 100 m of the dispersal 
site (3). Additionally, mycelia-infected 

seed can provide a soil inoculum source 
for continuance of the pathogen’s life cycle 
(15,31). Although mycelia-infested seed 
can be dispersed widely throughout soy-
bean-growing regions, no reports are avail-
able to suggest that the thin-walled asco-
spores are viable after long-distance wind 
dispersal. Mode and range of pathogen 
dispersal are important considerations 
potentially impacting population structure 
and disease control.  

Naturally occurring S. sclerotiorum 
populations exist as a mosaic of clones, 
which tend to be genetically isolated from 
each other (2,11,25). Phylogenetic analysis 
of clones using DNA sequence data from 
four regions suggests a predominately 
clonal mode of evolution with no evidence 
of contemporary genetic exchange and 
recombination between individual geno-
types (6). Clones of S. sclerotiorum can be 
identified by DNA fingerprinting using a 
dispersed, repetitive probe and/or mycelial 
compatibility groups (MCGs; 21,23,25). 
The S. sclerotiorum mycelial compatibil-
ity-incompatibility grouping system is a 
macroscopic assay of the self-nonself rec-
ognition system common in fungi and is 
determined using a side-by-side pairing 
system (23). Although the MCG system is 
similar to vegetative compatibility group-
ing systems, in which nuclei may be mo-
bile within compatibility groups, self-self 
pairings may vary regarding movement of 
nuclei between hyphal filaments that ap-
pear compatible (27). Movement of nuclei 
(via sexual or vegetative means) is not 
known to occur between MCGs (27). Al-
though MCG systems are propagated mi-
totically, they are not necessarily clonal, as 
indicated by MCGs associated with one or 
more DNA fingerprints (11,14) which has 
been attributed to (i) parallel gain or loss 
of fingerprint fragments resulting from 
transposable element activity or (ii) rare 
episodes of genetic exchange (6). Factors 
for MCG or clone designations were 
shown to be stable and unchanged through 
successive sexual generations and after 
serial culturing, and the correlation be-
tween an MCG and a DNA fingerprint or 
fingerprints supports the synonymous rela-
tionship between MCGs and clones of S. 
sclerotiorum (21). A system for identifying 
and naming S. sclerotiorum clones has 
been established (14,20,24) and currently 
utilized to report the global distribution of 
clonal genotypes. Both MCGs and clones 
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have been used to identify S. sclerotiorum 
genotypes over geographically long dis-
tances and disparate times and used to 
identify genetic variability in field popula-
tions (8,11,20,21,40). The extent of MCG 
diversity, pattern, and frequency, and vari-
ability in isolate and MCG aggressiveness 
associated with S. sclerotiorum popula-
tions infesting United States soybean fields 
has not been reported. 

An important consideration that may 
impact cultivar resistance evaluations and 
long-term disease control is variability in 
MCG and isolate aggressiveness and the 
potential for interactions. “Pathogen ag-
gressiveness” is defined as the relative 
ability to colonize the host and cause dam-
age, and “virulence” as the relative capac-
ity to produce disease (1,38). Greenhouse 
inoculation studies on canola suggest that 
some clones are more aggressive in form-
ing lesions (13,20). Diverse isolates of 
both S. sclerotiorum and S. trifoliorum 
differed in virulence on alfalfa cultivars, 
and experiment–cultivar and experiment–
isolate interactions were observed, but no 
isolate–cultivar interaction was observed 
(35). In recurrent phenotypic selection 
experiments to improve alfalfa resistance, 
isolates of S. trifoliorum that differed in 
virulence were used to measure the pro-
gress of recurrent selection and to test the 
durability of resistance in selected progeny 
after three cycles (34). To ensure correct 
field and greenhouse assessment of host 

resistance and to promote durable resis-
tance, assessment of variability in isolate 
and MCG aggressiveness and information 
regarding possible interactions is impor-
tant.  

Various approaches have been used to 
understand population biology and vari-
ability of plant pathogens (5,25,28–30). 
Population biology studies of S. scle-
rotiorum MCGs or clones within Canadian 
canola and North Carolina and Louisiana 
cabbage fields indicated that (i) agricul-
tural populations on canola consisted of a 
mosaic of genetically unique and repro-
ductively conserved MCGs (25), (ii) some 
MCGs were associated with more than one 
DNA fingerprint, (iii) some MCGs or 
clones were distributed over long distances 
geographically (21), and (iv) no MCGs or 
clones were shared between a trans-
Canadian and either North Carolina or 
Louisiana field strains (11). A fine-scale 
epidemiological study of 2,700 isolates in 
four Canadian canola fields indicated that 
a small number of clones (determined by 
DNA fingerprinting) represented the ma-
jority of the sample, and the spatial pattern 
of clones was random (20). MCGs and 
DNA fingerprints indicated that soybean in 
Ontario and Quebec is infected mainly by 
S. sclerotiorum genotypes residual from 
other crop or weed hosts and that the popu-
lation structure was predominately clonal 
due to repeated recovery of MCGs, includ-
ing clonal lineages 1 and 2 (14). DNA 

fingerprints indicated that soybean in 
Pennsylvania is infected by S. sclerotiorum 
clonal lineages 1 and 2 common to leg-
umes and crucifers in New York and Can-
ada (24). According to studies of S. scle-
rotiorum populations and the established 
system of identifying clonality groups, 
clones 1 and 2 are widely distributed geo-
graphically, are predominant genotypes on 
hosts in Canada and Pennsylvania 
(14,20,21,24), and were recovered initially 
on canola in 1989 (25).  

The objectives of this study were to (i) 
identify MCGs among 299 S. sclerotiorum 
isolates, (ii) determine frequencies of 
MCGs within two Illinois soybean fields, 
(iii) assess variability in isolate and MCG 
aggressiveness, and (iv) determine if an 
isolate–cultivar interaction exists. To ac-
complish these objectives, S. sclerotiorum 
isolates from various hosts and locations 
and from two intensively sampled Illinois 
soybean fields were used. The discussion 
includes identification of MCGs in this 
study that are associated with previously 
characterized genotypes, clonal lineages 1 
and 2 that dominate in S. sclerotiorum 
populations infecting Canadian soybean 
(14) and canola (25) and Pennsylvania 
soybean (24).  

MATERIALS AND METHODS  
S. sclerotiorum isolates. Isolates are 

grouped in sets (Table 1) according to 
location, with the exception of the Diverse 

Table 1. Sclerotinia sclerotiorum isolates grouped by set, isolate number, host, location, and source, including the curator code and clonal lineage

Set, isolate no.a Host Date collected Locationb Sourcec 

Diverse (24)     
D1 Soybean 1994 DeKalb, Illinois H. W. Kirby 
D2 Canola 1997 Canada L. M. Kohn; LMK211, clone 2 
D3 Soybean 1995 North Carolina H. D. Shew; SS-M2-NC 
D6 Soybean 1998 Tekamah, Nebraska J. R. Steadman; I#265 
D8 Dry bean 1998 Mitchell, Nebraska J. R. Steadman; SSNeb152, clone 2 
D12 Soybean  1996 Elkhorn, Wisconsin L. S. Kull 
D15 Soybean 1996 Clinton, Wisconsin L. S. Kull; UIUC15, clone 1 
D20 Soybean 1996 Iroquois, Illinois L. S. Kull; UIUC20; clone 1 
D30 Soybean 1996 Indiana G. L. Hartman; UIUC30, clone 1 
D33 Cabbage 1996 North Carolina M. A. Cubeta; SS129 
D36 Canola 1996 Canada L. M. Kohn; Can-5, clone 1 
D48 Soybean 1996 Iowa G. V. Cook; 6675 
D105 Soybean 1996 Story City, Iowa G. V. Cook; 14082 
D110 Pear 1997 Oregon R. A. Spotts 
D127 Soybean 1997 Switzerland V. Michel; M7012, clone 1 
D130 Rape 1997 Switzerland  V. Michel; #656 
D133 Unknown 1997 Switzerland V. Michel; #115 
D144 Sunflower 1997 Switzerland V. Michel; #111 
D150 Soybean 1996 East Lansing, Michigan L. P. Hart; 5.3, clone 1 
D159 Soybean 1998 Ohio A. E. Dorrance; 1548, clone 1 
D160 Soybean  1998 Chacabuco, Argentina Unknown 
D457 Soybean 1997 Greeley, Colorado J. R. Steadman; LMK77 
D458 Sunflower 1995 Herts, Great Britain J. R. Steadman 
D459 Pinto 1996 O’Neil, North Carolina J. R. Steadman 

DeKalb (124)     
DK186-310 Soybean 1998 DeKalb, Illinois L. S. Kull 

Watseka (130)     
W311-443 Soybean 1998 Watseka, Illinois L. S. Kull 

Argentine (21)     
A167-185, A461, A462 Soybean 1998 San Pedro, Argentina M. Scandiani 

a Number in parentheses indicates number of isolates in the set. 
b Country, state, city, and county from which isolates were obtained. 
c The curator or collector of isolates. The curator code and clonal lineage, if available, is indicated. 
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Set, which we defined as a diverse sam-
pling of isolates from various hosts and 
locations. The Diverse Set included 24 
isolates; the Argentine Set, 21 isolates; the 
DeKalb Set, 124 isolates; and the Watseka 
Set, 130 isolates. Isolates composing the 
Diverse Set were from the S. sclerotiorum 
collection maintained at the National Soy-
bean Research Center at the University of 
Illinois. Hyphal tip cultures were pro-
duced, and all mycelial cultures were 
maintained on potato dextrose agar (PDA) 
at 4°C. The Argentine isolates were 
gleaned from a single sclerotial-infested 
soybean seed lot produced in Chacabuco in 
1999. All sclerotia from the Argentine seed 
lot were surface sterilized and cultured on 
PDA to produce mycelia. All soybean seed 
from the Argentine seed lot were placed on 
moistened KimPak (Butler Paper Com-
pany, Peoria, IL) in a seed germinator 
maintained at 25°C. After 7 days, sclerotia 
produced from S. sclerotiorum-infested 
seed were harvested and cultured to pro-
duce mycelial colonies. Isolates making up 
the DeKalb and Watseka Sets were from 
two severely infested Illinois soybean 
fields, 258 km apart, sampled in 1998. The 
DeKalb field was located in northern Illi-
nois and the Watseka field in east-central 
Illinois. The sampling areas within each 
field were divided into five ranges, and 
each range was subdivided into plots. The 
sampling area within the Watseka field was 
581 m2 and divided into 135 plots, each 
4.3 m2; the DeKalb field was 813 m2 and 
divided into 125 plots, each 6.5 m2. To 
ensure that isolates used in this study 
were a result of the current year’s infec-
tion cycle, a stem sclerotium or infested 
stem tissue was taken from each plot. 
Although each field location was severely 
infested with the fungus, several plots 
were not uniformly infested. If the fungus 
was not present in the designated plot 
location, the infested plant nearest to the 
designation point was sampled, and each 
isolate sample was nearly equidistant 
apart.  

MCGs. Isolates were paired in all pos-
sible combinations on modified Patterson’s 
medium (MPM) according to a previously 
published procedure (23). Mycelial reac-
tions were recorded as incompatible when 
an apparent line of demarcation, a barrage 
zone, was observed between the confront-
ing paired isolates. Barrage zone reactions 
were (i) a zone of sparse or no mycelium; 
(ii) a thin to wide band of uniform, aerial 
mycelium; (iii) a thin line of dark, pig-
mented mycelium; or (iv) a thin red line on 
the colony surface, reverse, or both. Pair-
ings were evaluated at 7 and 14 days after 
transfer, and each pairing was performed 
twice. A universal MCG numbering system 
for S. sclerotiorum has not been estab-
lished; thus, a numbering system was es-
tablished for this research. Isolates that 
have been genotyped in other studies are 
noted (Table 1).  

To facilitate MCG determination of all 
isolates listed in Table 1, a subset of 20 
isolates from each field set were selected 
and paired in all possible combinations. 
MCGs were determined, and an isolate 
was selected to represent each MCG. 
These representative isolates were paired 
with all remaining untested isolates until 
all isolates were assigned to an MCG. If an 
incompatible reaction occurred with any 
MCG representative isolates, the newly 
tested isolate was established as a newly 
observed MCG and was used to represent 
the new MCG. All pairings were con-
ducted at least twice. 

Isolate aggressiveness within the four 
sets. Aggressiveness of isolates was deter-
mined using a limited-term, agar-plug 
inoculation technique (26). A partially 
resistant cultivar, NKS19-90 (17,18), was 
used for all aggressiveness tests. Soybean 
seed were grown in a soil and sand mix 
(1:1) in planting trays (27 by 54 by 8 cm) 
with four plants per row and 12 rows per 
tray. Plants were inoculated when the first 
trifoliolate was fully expanded. Isolate 
stock cultures maintained at 4°C were used 
to inoculate fresh PDA plates for each 
isolate and incubated at 20°C for 24 to 48 
h to allow renewed mycelial growth. A 
mycelial plug from the growing colony 
edge of each isolate was transferred to a 
new PDA plate and incubated at 20°C for 
24 h. To inoculate plants, 3-mm2 mycelial 
plugs were removed from the advancing 
mycelial edge and singly placed mycelia-
side down on one cotyledon adjacent to 
and touching the stem. Inoculated plants 
were hand misted with water, incubated in 
dew chambers (Percival, Boone, Iowa) 
maintained at 20°C ambient (13 and 34°C 
wall and water temperatures, respectively) 
for 24 h, transferred to a greenhouse 
bench, and maintained under two layers of 
80% filtration shade cloth (Hummert In-
ternational, Earth City, MO) in an aircon-
ditioned greenhouse room at 20 ± 2°C. 
Approximately 24 h after trays were trans-
ferred from the dew chamber, the number 
of dead plants per row was recorded two 
times per day, and the area under disease 
progress curve (AUDPC; 37) was calcu-
lated from accumulated daily counts of 
number of dead plants per entry and treat-
ment. Some of the isolates in the Diverse 
and Argentine Sets and subsets of 24 iso-
lates each from DeKalb and Watseka were 
selected to conduct aggressiveness tests. 
Aggressiveness tests were conducted sepa-
rately for each of the four sets. Experimen-
tal design for all isolate aggressiveness 
tests was a randomized, complete block 
with four replications and four plants per 
replication, and each experiment was con-
ducted twice.  

Isolate aggressiveness within MCGs. 
Aggressiveness within MCGs composed of 
isolates from multiple locations (MCGs 3, 
8, and 14), which are described as widely 
dispersed MCGs, was compared with ag-

gressiveness within MCGs composed of 
isolates from single-field locations (MCGs 
13, 16, 17, 19, 21, 24, and 26), which are 
referred to as local MCGs. Isolate aggres-
siveness tests for each MCG were con-
ducted separately; therefore, the AUDPC 
values are based on separate experiments 
and are not comparable. Aggressiveness 
tests were conducted as previously stated, 
and each experiment was conducted 
twice.  

Aggressiveness of MCGs within the 
DeKalb and Watseka Sets. Aggressive-
ness of MCGs 8, 14, 16, and 17 within the 
Watseka Set and MCGs 3, 8, 13, and 14 
within the DeKalb Set was calculated us-
ing AUDPC values from the isolate ag-
gressiveness tests previously described.  

Cultivar–isolate interaction tests. Six 
cultivars ranging in reaction from partially 
resistant to susceptible to S. sclerotiorum 
based on field evaluations were selected. 
Cvs. NKS19-90 and A2506 exhibited par-
tial resistance; cvs. Bell and Elgin, inter-
mediate reactions; and cvs. A2242 and 
Williams82, susceptible reactions (18). Six 
isolates (D3, D8, D105, D110, D160, and 
D458) that varied in aggressiveness (26) 
and host (including pear, pinto bean, soy-
bean, and sunflower) were utilized to test 
for cultivar–isolate interactions. Inocula-
tion was conducted as previously stated, 
and AUDPC values were calculated. The 
experiment was conducted twice. 

Data analysis. Frequency of occurrence 
of MCGs within each of the DeKalb and 
Watseka fields was determined by χ2 
analysis. MCGs with less than five ob-
served occurrences in each respective field 
were omitted from the analysis. For MCGs 
that were common between the DeKalb 
and Watseka fields (MCGs 8 and 14), χ2 
analysis at P = 0.01 was used to determine 
and compare MCG frequency between the 
two fields.  

To determine if isolates varied in ag-
gressiveness for the four sets (Argentine, 
DeKalb, Diverse, and Watseka), AUDPC 
data were analyzed using analysis of vari-
ance (PROC ANOVA; SAS Institute, Inc., 
Cary, NC), and means were compared by 
least significant differences (LSD) at P = 
0.05. To compare the AUDPC values be-
tween repeated experiments, a general 
linear model (PROC GLM) and a nested 
model were used to test for homogeneity 
of variances and isolate by experiment 
interactions. Cultivar–isolate interaction 
was tested using PROC GLM within the 
SAS system. Means were compared by 
LSD at P = 0.05. To determine aggressive-
ness of MCGs within the DeKalb and Wat-
seka Sets, contrast statements were ana-
lyzed using PROC GLM.  

RESULTS 
MCG diversity and distribution. My-

celial compatibility groups were deter-
mined for Diverse, Argentine, DeKalb, and 
Watseka Sets. Among 299 S. sclerotiorum 
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isolates, 42 MCGs were identified (Table 
2). Most (61%) of the MCGs were unique, 
which describes an MCG represented by a 
single isolate observed at a single location. 
Three compatibility groups, MCGs 3, 8, 
and 14, were sampled at high frequency 
from multiple locations. MCG 8 was the 
most commonly sampled MCG and in-
cluded isolates from both canola and soy-
bean. MCG 8 was detected in Indiana, 
Michigan, Ohio, Wisconsin, Canada, and 
Switzerland and was observed at a high 
frequency in both Illinois soybean fields. 
MCG 8 was identified as clonal lineage 1 
by DNA fingerprinting (L. M. Kohn, per-
sonal communication). MCG 14 included 
isolates from canola, dry bean, and soy-
bean and was detected in Michigan, Ne-
braska, Canada, and both Illinois soybean 
fields. MCG 14 was identified as clonal 
lineage 2 by DNA fingerprinting (L. M. 
Kohn, personal communication). MCG 3 
was collected from soybean in Wisconsin 
and also detected in the DeKalb field.  

The observed MCGs and MCG frequen-
cies differed within the four sets (Table 3). 

The Diverse Set consisted of 17 MCGs, 
whereas 14 and 6 MCGs were detected 
within the DeKalb and Watseka Sets, re-
spectively. Both unique and common 
MCGs were observed within the Diverse, 
DeKalb, and Watseka Sets, but none of the 
MCGs identified in the Argentine Set were 
common with the other sets. Eight MCGs 
were identified from the Argentine Set, 
with four MCGs represented only once. 
MCGs 19 and 26 were sampled five times 
each; MCGs 21 and 24 were sampled two 
times each; and, MCGs 20, 22, 23, and 25 
each were observed once. MCG 8 was the 
most frequently sampled MCG in the 
DeKalb and Watseka fields and repre-

sented 36 and 62% of the isolates, respec-
tively. A similar trend was observed for 
MCG 14, which represented 14 and 4% of 
the isolates from the DeKalb and Watseka 
Sets, respectively. A χ2 analysis con-
firmed that the DeKalb and Watseka 
fields did not have equal frequencies of 
occurrence of MCGs 8 and 14, and MCG 
8 (clonal lineage 1) showed the highest 
frequency of occurrence in both fields 
(Fig. 1). MCG 3 was represented by 19% 
of the isolates from the DeKalb Set but 
was not observed in the Watseka Set. Five 
and two unique MCGs were observed in 
the DeKalb and Watseka Sets, respec-
tively.  

Table 2. Mycelial compatibility group (MCG) designation for 299 Sclerotinia sclerotiorum isolates 

MCGa Isolate codeb 

1 D1 
2 D3 
3 D12, 25 isolates from the DeKalb Set (Fig. 1) 
4 D33 
5 D48 
6 D105 
7 D110 
8 (clone 1) D15, D20, D30, D36, D127, D159, 44 isolates from the DeKalb Set (Fig. 1), and 82 isolates from the Watseka Set (Fig. 1) 
9 D130 
10 D133 
11 D144 
12 D160 
13 DK219, DK222, DK257, DK273, DK280, and DK282 
14 (clone 2) D2, D8, D150, 18 isolates from the DeKalb Set (Fig. 1), and 5 isolates from the Watseka Set (Fig. 1) 
15 DK292, DK300 
16 16 isolates from the Watseka Set (Fig. 1) 
17 25 isolates from the Watseka Set (Fig. 1)  
18 W420 
19 A167, A169, A173, A178, A181, and A184 
20 A168 
21 A170, A171 
22 A172 
23 A174 
24 A176, A183 
25 A177 
26 A175, A179, A180, A182, and A185 
27 D6 
28 A461 
29 A462 
30 DK203, DK253, DK254, DK256, DK259, DK260, DK262, DK265, DK271, DK285, DK306, and DK309 
31 DK240 
32 DK221 
33 DK270, DK293 
34 DK264 
35 DK286 
36 DK267, DK269, DK276, DK305, and DK308 
37 DK217, DK220, DK244, DK297, and DK304 
38 DK198 
39 W383 
40 D457 
41 D458 
42 D459 
a MCG is assigned for this research. Clonal lineage is shown if available.  
b The isolate collection number is preceded by a letter to indicate set: A = Argentina, D = Diverse, DK = DeKalb, and W = Watseka.  

Table 3. Number of isolates and mycelial compatibility groups (MCGs) observed in each Sclerotinia 
sclerotiorum set 

Set No. of isolates No. of MCGs MCGs identified 

Diverse 24 17 1–12, 14, 27, 40–42 
DeKalb 124 14 3, 8, 13, 14, 15, 30, 31–38 
Watseka 130 6 8, 14, 16–18, 39 
Argentina 21 10 19–26, 28, 29 
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Isolate aggressiveness within the four 
sets. Isolate aggressiveness varied (P ≤ 
0.01) within the four sets (Tables 4 and 5). 
Mean AUDPC values between repeated 
experimental runs were significantly corre-
lated (P ≤ 0.05) with correlation coeffi-
cients of r = 0.79, 0.79, 0.48, and 0.48 for 
Diverse, Argentine, DeKalb, and Watseka 
Sets, respectively. The AUDPC values for 
each set did not exhibit replication–
experiment interactions, but an isolate–
experiment interaction was observed 
within the DeKalb and Watseka Sets. The 
Diverse Set had mean AUDPC values 
ranging from 22 to 287, and the LSD was 
63 (Table 4). The least aggressive isolates 
(D110 and D133) were isolated from pear 
and an unknown host, respectively, and the 
most aggressive isolate (D160) was from 
soybean in Argentina. The Argentine set 
had mean AUDPC values ranging from 41 
to 165, and the LSD was 43 (Table 4). The 
DeKalb Set had mean AUDPC values 
ranging from 0 to 250 (LSD = 88) and 0 to 
188 (LSD = 78) for two experiments that 
showed isolate–experiment interactions 
(Table 5). Isolate 209, responsible for the 
AUDPC value of 0, grew on PDA but did 
not infect soybean in either of the two 
experimental runs. The Watseka set had 
mean AUDPC values ranging from 44 to 
188 (LSD = 76), and 7 to 250 (LSD = 63) 
for two experiments that showed isolate–
experiment interactions (Table 5).  

Isolate aggressiveness within widely 
dispersed MCGs. Aggressiveness values 
for isolates within MCGs composed of 
members from multiple locations (MCGs 
3, 8, and 14) were highly significant (P ≤ 

0.001). Isolate aggressiveness within lo-
cally observed MCGs composed of mem-
bers from a single location (MCGs 13, 16, 
17, 19, 21, 24, and 26) did not differ (P = 
0.05). Selected isolates from MCG 8, the 
most geographically diverse and frequently 
sampled MCG, had a range of AUDPC 
values from 105 to 416. These two extreme 
values were exhibited by isolates collected 
from the DeKalb field. MCG 3, composed 
of isolates from two different locations 
(Wisconsin and Illinois) ranged in AUDPC 
values from 23 to 105. MCG 14, composed 
of isolates from five locations (Michigan, 
Nebraska, Canada, and the DeKalb and 
Watseka fields) ranged in AUDPC values 
from 0 to 223, with the least aggressive 
isolate from Michigan and the most ag-
gressive from the DeKalb Set.  

MCG aggressiveness within the 
DeKalb and Watseka Sets. AUDPC val-
ues for MCGs 3, 8, 13, and 14 from the 
DeKalb Set and for MCGs 8, 14, 16, and 
17 from the Watseka Set were compared. 
Within the DeKalb Set, AUDPC values for 
MCGs 3 and 8 differed at P ≤ 0.1, and for 
MCGs 3 and 13 at P ≤ 0.01. Within the 
Watseka Set, AUDPC values for MCGs 8 
and 17 differed at P ≤ 0.001, for MCGs 14 
and 17 at P  ≤ 0.001, and for MCGs 16 and 
17 at P ≤ 0.05. AUDPC values did not 
differ significantly for MCGs 8 and 14 
within either the DeKalb or Watseka Sets.  

Cultivar–isolate interaction tests. A 
cultivar–isolate interaction was not de-
tected (P = 0.05), but AUDPC values var-
ied by isolate (Table 6). No differences in 
mean AUDPC values were observed (P = 
0.05) between susceptible cv. Williams 82 

and resistant cvs. NKS19-90 and A2506 
when inoculated with isolate 160. When 
inoculated with isolates 8 and 105, no 
differences (P = 0.05) in mean AUDPC 
values were observed for resistant cv. 
A2506 and susceptible cvs. A2242 and 
Williams82. When inoculated with isolate 
458, mean AUDPC values did not differ (P 
= 0.05) for all six cultivars. Resistant cv. 
NKS19-90 consistently resulted is the 
lowest AUDPC values, and A2242 and 
Williams82 resulted in the highest AUDPC 
values for all isolates except 458.  

DISCUSSION 
Populations of S. sclerotiorum from two 

Illinois soybean fields were a heterogene-
ous mix of MCGs. This corroborates re-
ports of S. sclerotiorum MCG population 
structure on canola in Canada (21), Nor-
wegian vegetable crops (8), sunflower in 
Manitoba (20), cabbage in North Carolina 
(11), and soybean in Argentina (12) and 
Canada (14). In our study, each soybean 
field contained two or three MCGs ob-
served at high frequency, and a larger pro-
portion of MCGs sampled at low frequen-
cies. This frequency trend was observed 
previously in Canadian studies of S. scle-
rotiorum on canola (20) and on soybean in 
Argentina (12) and Canada (14). The 
population structure of S. sclerotiorum, 
based on MCGs, appears similar irrespec-
tive of host crop and field location. The 
genetic and evolutionary mechanisms that 
contribute to the maintenance of such a 
mosaic pattern have not been determined 
experimentally, but comparisons of S. scle-
rotiorum populations on cultivated canola 

Fig. 1. Schematic distribution of mycelial compatibility groups (MCGs) of Sclerotinia sclerotiorum within two Illinois soybean fields. The sampled area at 
A, DeKalb was 813 m2 and divided into 125 subplots. The sampled area at B, Watseka was 581 m2 and divided into 135 subplots. Not determined (ND) 
indicates that the MCG could not be determined.  

http://apsjournals.apsnet.org/action/showImage?doi=10.1094/PDIS.2004.88.4.325&iName=master.img-000.jpg&w=495&h=262
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and on an isolated wild perennial host, 
Ranunculus ficaria, indicated four major 
differences between agricultural and wild 
populations (22). DNA fingerprint diver-
sity was high in agricultural populations 
and low in wild populations; agricultural 
populations showed no evidence of out 
crossing, but out crossing occurred in wild 
populations; and MCGs were dispersed 
randomly in agricultural populations, but 
strong spatial substructuring was indicated 
in isolated wild populations. Comparison 
of DNA fingerprint patterns from S. scle-
rotiorum populations in New Zealand indi-

cated substantial local movement of iso-
lates but provided little evidence for long-
range dispersal (8). MCG structure of S. 
sclerotiorum on cultivated hosts appears to 
be more complex, indicating that agricul-
tural practices may influence MCG fre-
quencies and patterns.  

Within agricultural populations, MCG 
frequencies and patterns vary. S. scle-

rotiorum MCGs on soybean may be unique 
and exist locally at low frequencies, as 
indicated by 65% of the MCGs sampled 
being represented by one isolate. Localiza-
tion of unique MCGs was observed in 
vegetable-growing regions in New Zealand 
(8) and in winter canola in Harrison, On-
tario (25). Explanations for unique, low-
frequency MCGs in a sampling area may 
be recent MCG introduction events or 
random mutation events. The emergence of 
new genotypes localized in single fields 
may be an indication of MCGs or clones 
adapted to specific field microclimates or 
hosts, and is less likely the result of ge-
netic exchange and recombination (3,14). 
MCGs may exist locally at high frequency, 
as observed with MCGs 16 and 17 in the 
Watseka field and MCG 13 in the DeKalb 
field. Growers who utilize a portion of 
each crop for seed for the next growing 
season or continually plant the same soy-
bean cultivar may tend to localize and 
increase the frequency of specific MCGs.  

MCGs may exist at high frequencies 
with wide geographic distribution. A trans-
Canadian study of S. sclerotiorum isolated 
from canola revealed that one widely dis-
tributed genotype was sampled in Ontario, 
Manitoba, and Saskatchewan provinces 
(21). A single S. sclerotiorum MCG, clonal 
lineage 1, represented 46% of the samples 
from Ontario and Quebec soybean (14). In 
this study, MCG 8 was detected in soybean 
fields in several states, on soybean in Swit-
zerland, and on canola in Canada. MCG 8 
was observed in 62 and 36% of the isolates 
sampled within the Watseka and DeKalb 
Sets, respectively. The clonal lineage rep-
resented in this study by MCG 8 initially 
was sampled on canola in 1989 (25) and is 
clonal lineage 1 (L. M. Kohn, personal 
communication). MCG 14 was detected in 
three states, in Canada, and on three differ-
ent hosts (soybean, canola, and dry bean). 
In the Watseka and DeKalb Sets, MCG 14 
composed 4 and 14% of the isolates, re-
spectively. The clonal lineage represented 
in this study by MCG 14 also was sampled 
initially on canola in 1989 (25) and is 
clonal lineage 2 (L. M. Kohn, personal 
communication). Since 1989, both clonal 
lineages 1 and 2 have been sampled at high 
frequency over large geographical areas 
(14). Pervasive MCGs may be due to 
movement of sclerotia or infested seed 
through established distribution channels. 
Additionally, isolate fecundity factors may 
influence proliferation of certain geno-
types. Isolate differences in the number of 
apothecia produced per sclerotium have 
been observed (4). Sclerotia from isolate 
D150 (Table 1) produced a relatively larger 
number of apothecia (L. S. Kull, unpub-
lished data). Isolate D150 is associated 
with MCG 14 (clonal lineage 2), which is 
a high-frequency genotype sampled over 
large geographical areas. The association 
between clonal lineage and fecundity is 
testable and may help to explain differing 

Table 4. Aggressiveness of 18 Sclerotinia scle-
rotiorum isolates from various hosts and loca-
tions (Diverse Set) and 20 S. sclerotiorum iso-
lates from San Pedro, Argentinaa  

Isolateb MCGc AUDPCd 

Diverse   
D160 12 287 
D105 6 285 
D20 8 282 
D30 8 268 
D6 27 268 
D127 8 263 
D36 8 256 
D1 1 256 
D15 8 253 
D12 3 216 
D48 5 190 
D33 4 179 
D130 9 156 
D144 11 147 
D3 2 146 
D159 8 138 
D133 10 56 
D110 7 22 
LSD … 63 

Argentine   
A172 22 165 
A178 19 161 
A177 25 160 
A160 12 157 
A180 26 152 
A170 21 143 
A184 19 139 
A182 26 137 
A171 21 136 
A169 19 129 
A183 24 124 
A179 26 121 
A173 19 118 
A181 19 116 
A185 26 112 
A176 24 97 
A175 26 87 
A174 23 85 
A167 19 79 
A168 20 41 
LSD  … 43 

a Aggressiveness on soybean seedlings was
based on area under disease progress curve
(AUDPC) values averaged over two green-
house experiments. 

b LSD = least significant difference at P = 0.05. 
c Mycelial compatibility group (MCG) assigned 

for this research. No standard system of nam-
ing MCGs has been established for S. scle-
rotiorum. 

d Based on accumulation of disease recorded
over time (37). AUDPC values for the Diverse
and Argentine Sets are based on separate
experiments and are not comparable. 

Table 5. Aggressiveness of 48 Sclerotinia scle-
rotiorum isolates from two Illinois soybean 
fields, DeKalb and Watsekaa  

  AUDPC 

Isolateb MCGc Run 1 Run 2 

DeKalb    
DK198 38 250 175 
DK202 3 250 188 
DK233 14 238 88 
DK228 8 225 100 
DK245 14 225 163 
DK237 8 225 119 
DK268 8 225 175 
DK309 30 225 125 
DK193 14 219 113 
DK230 14 207 150 
DK221 32 207 163 
DK261 na 200 69 
DK280 13 200 31 
DK278 14 200 56 
DK251 3 188 138 
DK303 8 163 131 
DK187 8 163 50 
DK292 15 157 150 
DK219 13 150 81 
DK257 13 138 31 
DK287 14 113 100 
DK269 3 75 81 
DK277 3 38 106 
DK209 14 0 0 
LSD … 88 78 

Watseka    
W328 14 188 163 
W367 17 188 250 
W441 17 171 225 
W342 na 163 200 
W407 17 150 238 
W391 16 150 188 
W435 16 138 175 
W428 14 138 76 
W336 17 138 163 
W362 16 134 200 
W213 8 125 150 
W315 16 125 151 
W357 17 125 200 
W423 8 123 7 
W324 8 113 38 
W378 8 113 113 
W388 16 113 213 
W416 8 107 225 
W365 na 88 138 
W349 14 88 50 
W384 14 82 132 
W337 8 69 38 
W408 14 57 44 
W420 18 44 57 
LSD … 76 63 

a Aggressiveness in two experiment runs on
soybean seedlings inoculated in the green-
house was based on area under disease pro-
gress curve (AUDPC) values, based on accu-
mulation of disease over time (37). 

b LSD = least significant difference. 
c  Mycelial compatibility group (MCG) assigned 

for this research; na = not determined.  
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MCG frequencies among field populations 
and over large geographic distances.  

Widely dispersed MCGs showed within-
genotype variability in aggressiveness that 
was not observed in local MCGs. Isolates 
within local MCGs, defined in this study 
as MCGs detected in one location or field, 
did not vary in aggressiveness, whereas 
MCGs composed of members from more 
than one location or field varied in aggres-
siveness. Uniformity within local MCGs 
could be due to a founder effect, limited 
local proliferation, and continual adapta-
tion for a particular set of field conditions. 
Individual MCGs within each field varied 
in aggressiveness, indicating that MCGs 
may maintain fitness phenotypes. Within 
the Watseka field, MCG 17 was the most 
aggressive, and MCGs 8 and 14 (clonal 
lineages 1 and 2, respectively), the two 
most pervasive genotypes in this study, 
were the least aggressive. This genetic 
association of low aggressiveness and high 
pervasiveness supports the popular idea 
held by evolutionary biologists that patho-
gens can evolve to become harmless, more 
deadly, or anything in between depending 
on the forces guiding natural selection; 
such forces can pull the pathogen in oppo-
site directions at the same time, creating an 
evolutionary tradeoff between fecundity 
and infectivity factors (19).  

Unique MCGs, defined as one MCG 
composed of a single isolate member, were 
observed in each set. Five and two unique 
MCGs were detected in the DeKalb and 
Watseka Sets, respectively. Three of these 
unique MCGs were included in aggres-
siveness tests. Watseka MCG 18, isolate 
420 and DeKalb MCG 38, isolate 198 
(Table 5) resulted in the lowest and highest 
AUDPC values, respectively, of the 24 
isolates compared in aggressiveness tests 
for each set. Interestingly, MCG 18 isolate 
420, being the most aggressive, was not 
associated with the most pervasive MCG 
within the Watseka Set. Unique MCGs 
ranging in aggressiveness from high to low 
may be indicative of genetic tradeoffs be-
tween aggressiveness genes allowing 
rapid, successful infection and fecundity 
genes allowing pervasive proliferation 
(19). These genetic scenarios may be chal-
lenging to test experimentally but may be 
considerations in successful management 
of this ubiquitous pathogen. 

Although some soybean seed produced 
in the United States routinely is increased 
in Argentina for subsequent distribution in 
the United States, no common MCGs were 
observed between Argentina and any other 
location. Lack of common MCGs may 
indicate little or no movement of prop-
agules or indicate selection for specific 
MCG genotypes influenced by environ-
mental conditions and competition. In a 
1992 study, highly significant differences 
in clone frequencies in lesions verses pet-
als suggested processes of positive selec-
tion may have occurred (20). A previous 

report of S. sclerotiorum isolates on cab-
bage in North Carolina indicated that 
MCGs or clones were shared between 
fields 75 km apart, but no common MCGs 
or clones were detected between North 
Carolina and Canada or between North 
Carolina and Louisiana (11). The evolu-
tionary history of population haplotypes 
indicated that isolates may be grouped into 
subtropical, temperate, wild, and two rela-
tively recently evolved temperate-
subtropical populations (7). This geo-
graphic clustering infers that ecological 
conditions may contribute to adaptations 
associated with growth temperature range, 
light intensity, or sclerotial vernalization 
requirements. The Argentine isolate set is a 
small representative sample, and lack of 
common MCGs with other locations may 
be a result of a small sample size. Addi-
tional sampling of Argentine fields may 
result in detection of common MCGs; 
alternatively, phylogenetic analysis com-
paring isolates from geographically and 
environmentally distinct regions may pro-
vide evidence that geographically similar 
genotypes cluster (L. S. Kull, unpublished 
data). 

Few reports regarding variation in S. 
sclerotiorum aggressiveness on soybean 
are available. A 1975 report (36) compar-
ing pathogenicity of 14 S. sclerotiorum 
isolates on 11 different hosts (soybean was 
not included) showed a variation in degree 
of pathogenicity dependent on host spe-
cies. The current study revealed a notable 
range in isolate AUDPC values for both a 
diverse sampling and local field samplings 
of the fungus. An isolate–experiment inter-
action was observed between the two ex-
perimental runs for the DeKalb and Wat-
seka Sets. Although mean AUDPC values 
were correlated significantly for each of 
the DeKalb and Watseka experiments, 
correlation coefficients were low (r = 
0.48). The results do not indicate evidence 
for specific causes of interactions, but 
similar interactions previously have been 
reported (35) and support reasons for fur-
ther experimentation. For the current study, 
environmental sensitivity to light and tem-

perature may contribute to the unpredict-
ability of disease development and pro-
gress observed in the Sclerotinia 
pathosystem (33). Prior to inoculation, 
plants for separate experimental runs were 
grown in the greenhouse at various times 
throughout the year. Ambient conditions of 
light intensity, day length, and temperature 
may fluctuate in controlled-environment 
facilities and result in subtle differences in 
growth rates and degree of stem etiolation 
of seedlings to be inoculated. A consistent 
observation evident in all experimental 
runs was quantifiable differences in levels 
of variability in isolate AUDPC values.  

When selecting an isolate for varietal re-
sistance evaluations, variation in isolate 
aggressiveness should be considered. Par-
tially resistant and susceptible cultivars 
were compared by inoculation with highly 
and weakly aggressive isolates, and disease 
occurred on both cultivars, but partially 
resistant and susceptible cultivars were not 
effectively identified. Although no isolate–
cultivar interaction was detected, effective 
separation of resistant and susceptible 
cultivars was dependent on isolate selec-
tion. A recent report indicated that success-
ful identification of resistant and suscepti-
ble cultivars and detection of interactions 
was influenced by isolate, inoculation 
technique, and type of statistical analysis 
(26). 

The differences in MCG frequency be-
tween fields and variation in aggressive-
ness of S. sclerotiorum within naturally 
infested disease-screening nurseries may 
help to explain the mixed results across 
field locations used for resistance screen-
ing trials (18) and the lack of correlation 
between field and laboratory evaluations 
(17,32,39). For example, the DeKalb and 
Watseka fields were a mosaic of MCGs 
(Fig. 1). MCG frequencies differed be-
tween the two fields, and MCGs and indi-
vidual isolates varied in aggressiveness. 
Although greenhouse resistance screening 
programs may reduce interactions due to 
pathogen variability across experimental 
field plots, greenhouse resistance screening 
protocols typically are conducted with one 

Table 6. Comparison of partially resistant (NKS19-90 and A2506), intermediate (Bell and Elgin), and 
susceptible (A2242 and Williams82) soybean cultivars inoculated with six Sclerotinia sclerotiorum
isolates differing in level of aggressivenessa  

 Isolateb 

Cultivarc D160 D105 D3 D110 D8 D458 

NKS19-90 232 217 113 66 74 3 
A2506 300 282 238 179 238 53 
Bell 269 282 151 166 100 35 
Elgin 282 257 153 110 119 16 
Williams82 301 294 190 221 206 60 
A2242 351 319 238 257 238 44 
LSD (0.05) 75 66 76 96 105 65 

a Relative aggressiveness of isolates is D160 and D105 > D3 and D110 > D8 and D458. Cultivar 
performance was based on area under disease progress curve (AUDPC), and lower values represent 
less disease. 

b Isolates were taken from different hosts and differ in aggressiveness; data is AUDPC (37). 
c LSD = least significant difference at P = 0.05. 
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isolate that may not represent the range of 
pathogen variability present on the host. 
Lack of consideration for pathogen vari-
ability could result in low correlation be-
tween greenhouse and field screens, and 
also result in mixed results across loca-
tions. Designing a field experiment to 
eliminate or compensate for the variability 
in MCG and isolate aggressiveness may 
not be possible. Nelson et al. (32) attrib-
uted the lack of correlation between field 
and laboratory evaluations to an ineffective 
greenhouse screening method, but infor-
mation about field escapes, spatial uni-
formity of field infection, cropping history, 
or pathogen population structure were not 
reported. To enhance disease management 
efforts, selecting several isolates to evalu-
ate resistance or to develop disease resis-
tance markers may be more effective than 
evaluations conducted with one isolate. 
Assessment of the range in aggressiveness 
of S. sclerotiorum populations on culti-
vated hosts and monitoring of year-to-year 
changes in population structure within 
cropping regions may contribute to effi-
cient management strategies for control-
ling diseases caused by S. sclerotiorum.  

ACKNOWLEDGMENTS 
We thank R. Warsaw for helping with field iso-

late collection and greenhouse screening; M. Ray-
mond, K. Roemer, K. Smith, and K. Urish for 
greenhouse and laboratory assistance; and various 
individuals for donation of S. sclerotiorum isolates. 

LITERATURE CITED 
1. Agrios, G. N. 1999. Plant Pathology. Aca-

demic Press, San Diego, CA. 
2. Anderson, J. B., and Kohn, L. M. 1995. Clon-

ality in soilborne, plant-pathogenic fungi. 
Annu. Rev. Phytopathol. 33:369-391. 

3. Ben-Yephet, Y., and Bitton, S. 1985. Use of a 
selective medium to study the dispersal of as-
cospores of Sclerotinia sclerotiorum. Phyto-
parasitica 13:33-40. 

4. Boland, G. J., and Hall, R. 1988. Numbers and 
distribution of apothecia of Sclerotinia scle-
rotiorum in relationship to white mold of white 
bean (Phaseolus vulgaris). Can. J. Bot. 
66:247-252.  

5. Burdon, J. J. 1993. The structure of pathogen 
populations in natural plant communities. 
Annu. Rev. Phytopathol. 31:305-323. 

6. Carbone, I., Anderson, J. B., and Kohn, L. M. 
1999. Patterns of descent in clonal lineages 
and their multilocus fingerprints are resolved 
with combined gene genealogies. Evolution 
53:11-21. 

7. Carbone, I., and Kohn, L. M. 2001. A micro-
bial population-species interface: nested 
cladistic and coalescent inference with multi-
locus data. Mol. Ecol. 10:947-964.  

8. Carpenter, M. A., Frampton, C., and Stewart, 
A. 1999. Genetic variation in New Zealand 
populations of the plant pathogen Sclerotinia 

sclerotiorum. N. Z. J. Crop Hortic. Sci. 27:13-
21. 

9. Chun, D., Kao, L. B., and Lockwood. J. L. 
1987. Laboratory and field assessment of resis-
tance in soybean to stem rot cause by Scle-
rotinia sclerotiorum. Plant Dis. 71:811-815. 

10. Cline, M. N., and Jacobson, B. J. 1983. Meth-
ods for evaluating soybean cultivars for resis-
tance to Sclerotinia sclerotiorum. Plant Dis. 
67:784-786. 

11. Cubeta, M. A., Cody, B. R., Kohli, Y., and 
Kohn, L. M. 1997. Clonality in Sclerotinia 
sclerotiorum on infected cabbage in Eastern 
North Carolina. Phytopathology 87:1000-
1004. 

12. Durman, S. B., Menendez, A. B., and Godeas, 
A. M. 2001. Mycelial compatibility groups in 
Sclerotinia sclerotiorum from agricultural 
fields in Argentina. Pages 27-28 in: Proc. XIth 
Int. Sclerotinia Workshop. C. Young and K. 
Hughes, eds. York, UK. 

13. Errampalli, D., and Kohn, L. M. 1995. Com-
parison of pectic zymograms produced by dif-
ferent clones of Sclerotinia sclerotiorum in 
culture. Phytopathology 85:292-298. 

14. Hambleton, S., Walker, C., and Kohn, L. M. 
2002. Clonal lineages of Sclerotinia scle-
rotiorum previously known from other crops 
predominate in 1999-2000 samples from On-
tario and Quebec. Can. J. Plant Pathol. 24:309-
315. 

15. Hartman, G. L., Kull, L. S., and Huang, Y. H. 
1998. Occurrence of Sclerotinia sclerotiorum 
in soybean fields in east-central Illinois and 
enumeration of inocula in soybean seed lots. 
Plant Dis. 82:560-564. 

16. Hartman, G. L., Sinclair, J. B., and Rupe, J. C. 
1999. Compendium of Soybean Diseases. 4th 
ed. American Phytopathological Society, St. 
Paul. MN.  

17. Kim, H. S., Hartman, G. L., Manandhar, J. B., 
Grief, G. L., Steadman, J. R., and Diers, B. W. 
2000. Reaction of soybean cultivars to Scle-
rotinia stem rot in field, greenhouse, and labo-
ratory evaluations. Crop Sci. 40:665-669. 

18. Kim, H. S., Sneller, C. H., and Diers, B. W. 
1999. Evaluation of soybean cultivars for resis-
tance to Sclerotinia stem rot in field environ-
ments. Crop Sci. 39:64-68. 

19. Kimmer, C. 2003. Taming pathogens: An 
elegant idea, but does it work? Science 
300:1362-1364. 

20. Kohli, Y., Brunner, L. J., Yoell, H., Milgroom, 
M. G., Anderson, J. B., Morrall, R. A. A., and 
Kohn, L. M. 1995. Clonal dispersal and spatial 
mixing in populations of the plant pathogenic 
fungus, Sclerotinia sclerotiorum. Mol. Ecol. 
4:69-77. 

21. Kohli, Y., Morrall, R. A. A., Anderson, J. B., 
and Kohn, L. M. 1992. Local and trans-
Canadian clonal distribution of Sclerotinia 
sclerotiorum on canola. Phytopathology 
82:875-880. 

22. Kohn, L. M. 1995. The clonal dynamic in wild 
and agricultural plant-pathogen populations. 
Can. J. Bot. 73:S1231-S1240. 

23. Kohn, L. M., Carbone, I., and Anderson, J. B. 
1990. Mycelial interactions in Sclerotinia scle-
rotiorum. Exp. Mycol. 14:255-267. 

24. Kohn, L. M., and Pennypacker, B. W. 2002. 
Soybean in Pennsylvania infected by Scle-
rotinia sclerotiorum clones common to leg-

umes and crucifers in New York and Canada. 
(Abstr.) Phytopathology 92:S42. 

25. Kohn, L. M., Stasoviski, E., Carbone, I., 
Royer, J., and Anderson, J. B. 1991. Mycelial 
incompatibility and molecular markers identify 
genetic variability in field populations of Scle-
rotinia sclerotiorum. Phytopathology 81:480-
485. 

26. Kull, L. S., Vuong, T. D., Hartman, G. L., 
Powers, K. S., Eskridge, K. M., and Steadman, 
J. R. Evaluation of resistance screening meth-
ods for Sclerotinia stem rot of soybean and dry 
bean. Plant Dis. 87:1471-1476. 

27. Leslie, J. F. 1993. Fungal vegetative compati-
bility. Annu. Rev. Phytopathology 31:127-151. 

28. Leung, H., Nelson, R. J., and Leach, J. E. 
1993. Population structure of plant pathogenic 
fungi and bacteria. Adv. Plant Pathol. 10:157-
205. 

29. McDermott, J. M., and McDonald, B. A. 1993. 
Gene flow in plant pathosystems. Annu. Rev. 
Phytopathol. 31:353-373. 

30. McDonald, B. A. 1997. The population genet-
ics of fungi: tools and techniques. Phytopa-
thology 87:448-453. 

31. Mueller, D. S., Hartman, G. L., and Pedersen, 
W. L. 1999. Development of sclerotia and 
apothecia of Sclerotinia sclerotiorum from 
infected soybean seed and its control by fun-
gicide seed treatment. Plant Dis. 83:1113-
1115. 

32. Nelson, B. D., Helms, T. C., and Olson, J. A. 
1991. Comparison of laboratory and field 
evaluations of resistance in soybean to Scle-
rotinia sclerotiorum. Plant Dis. 75:662-665. 

33. Pennypacker, B. W., and Risius, M. L. 1999. 
Environmental sensitivity of soybean cultivar 
response to Sclerotinia sclerotiorum. Phytopa-
thology 89:618-622.  

34. Pierson, P. E., St. Martin, S. K., and Rhodes, 
L. H. 1997. Selection for resistance to Scle-
rotinia crown and stem rot in alfalfa. Crop Sci. 
37:1071-1078. 

35. Pratt, R. G., and Rowe, D. E. 1995. Compara-
tive pathogenicity of isolates of Sclerotinia tri-
foliorum and S. sclerotiorum on alfalfa culti-
vars. Plant Dis. 79:474-477. 

36. Price, K., and Calhoun, J. 1975. Pathogenicity 
of isolates of Sclerotinia sclerotiorum (Lib.) de 
Bary to several hosts. Phytopathol. Z. 83:232-
238. 

37. Shaner, G., and Finney, R. E. 1977. The effect 
of nitrogen fertilization on the expression of 
slow-mildewing resistance in Knox wheat. 
Phytopathology 67:1051-1056. 

38. Shurtleff, M. C., and Averre, C. W. III. 1997. 
Glossary of Plant-Pathological Terms. Ameri-
can Phytopathological Society, St. Paul, MN. 

39. Wegulo, S. N., Yang, X. B., and Martinson, C. 
A. 1998. Soybean cultivar responses to Scle-
rotinia sclerotiorum in field and controlled en-
vironmental studies. Plant Dis. 82:1264-1270. 

40. Wolfe, J. S., and Caten, C. E. 1987. Popula-
tions of Plant Pathogens: Their Dynamics and 
Genetics. Blackwell Scientific Publications, 
Oxford. 

41. Wrather, J. A., Anderson, T. R., Arsyad, D. M., 
Gai, J., Ploper, L. D., Porta-Puglia, A., Ram, 
H. H., and Yorinori, J. T. 1997. Soybean dis-
ease loss estimates for the top 10 soybean pro-
ducing countries in 1994. Plant Dis. 81:107-
110. 

 


